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TABLES OF ENERGY AND ANGULAR DISTRIBUTIONS 

OF THICK TARGET BREMSSTRAHLUNG IN METALS 

By Clemans A. Powell, Jr. 
Langley Research Center 

SUMMARY 

Calculations have been made for the angular and energy distributions of brems
strahlung produced in thick elemental metallic targets by normally incident monoenergetic 
fluxes of electrons with energies of 0.50, 0.75, 1.00, 2.00, and 3.00 MeV. Results are 
given for magnesium, aluminum, titanium, manganese, iron, nickel, copper, tungsten, 
gold, and lead. The target thickness was chosen to be the mean range of the electrons 
in the particular target material for the electron energy of interest. 

The theoretical analysis and resulting computer program by which these data were 
obtained was reported in NASA Technical Note D-4063. This analysis is based on the 
approximation of a thick target by a series of thin slabs each of which is considered to be 
a thin target for bremsstrahlung production, and includes the following secondary pro
cesses:  (1)the effect of multiple electron scatterings, (2) electron backscatter out of the 
target, (3) electron-electron bremsstrahlung, and (4)the absorption and buildup of photons 
in the target. 

The results are compared with experimental thick-target bremsstrahlung data for 
aluminum and iron targets. Although the agreement is generally good, the predicted 
bremsstrahlung values tend to  overestimate the experimental data for low photon ener
gies and underestimate for higher photon energies. The discrepancy between the pre
dicted and experimental values increases with increasing angular displacement from the 
incident electron direction and with increasing atomic number of the target material. 



INTRODUCTION 

One of the primary components of the radiation hazards of orbital space flight is 
due to the energetic electrons trapped in the earth's magnetic field. Not only is the 
direct  exposure to the electron flux a hazard for  men and equipment but the very pene
trating secondary radiation produced when the electrons' energy is degraded in the space
craft  walls also presents a serious problem. This radiation, called bremsstrahlung, con
s i s t s  of energetic photons created when the electrons are accelerated by the electromag
netic fields of the atomic nuclei and electrons in the spacecraft walls. 

The theory for thin-target bremsstrahlung production has been developed such that 
accurate predictions can be made of the bremsstrahlung produced by a flux of electrons 
of a given energy provided that each electron makes only one radiative collision in the 
target, suffers no elastic collisions, and loses essentially no energy to ionization. (See 
ref. 1.) Most practical spacecraft wal l s ,  however, a r e  of such thickness that the elec
trons would normally suffer a very large number of radiative collisions, lose most of 
their energy to ionization, and possibly be completely stopped. These conditions greatly 
increase the difficulty of predicting the bremsstrahlung radiation. In reference 2 a 
method was presented for estimating the thick-target bremsstrahlung spectrum. This 
method is based on the assumption that a thick-target bremsstrahlung spectra can be 
approximated by the summation of spectra from a series of target slabs individually 
treated as thin targets. Also included in the method a r e  the effects of multiple electron 
scatterings, electron backscatter, electron-electron bremsstrahlung, and absorption and 
buildup of photons in the target. The data presented in the tables of the present report  
are a result of applying this method to additional materials and electron energies and 
should furnish some needed information for space shielding for electron energies and 
materials where experimental data a r e  scarce.  

The data were computed by the IBM 7094 electronic data processing system at  
Langley Research Center. 

SYMBOLS 

A atomic weight of target material 

A17A2? 
photon buildup coefficients

a1,a2 
/J 

B photon buildup factor 
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C 

E 

AE 

Em 

E O  

e 

h 

m 

NA 

N a  

n 

speed of light, centimeter/second (meter/second) 

total electron energy, moc2 units 

increment of electron energy, moc2 units 

minimum energy of an electron which can produce a photon of energy k, 
moc2 units 

incident total electron energy, moc2 units 

electron charge, statcoulombs (1coulomb = 2.99790 X 109 statcoulombs) 

Planck constant, 6.6254 x 10-27 erg-second o r  
6.6254 X joule-second 

average ionization potential, moc2 units 

index integer of thin-target slabs 

photon energy, moc2 units 

index integer for Legendre polynominals 

limiting number of thin-target slabs over which total bremsstrahlung is 
summed 

electron r e s t  mass ,  grams (kilograms) 

Avogadro's number 

target atoms per unit volume, centimeter-3 (meter-3) 

integer number of thin-target slabs 

Legendr e polynomi nal 

probability of electron being scattered at angle E 
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pY 

P 

PO 

R 


rO 

T 


T O  

t 

tX  

A t  

V 

VO 

W 

CY 

P 

Y 
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probability of emission of a photon in ith thin slab 


electron momentum, mOc units 


initial electron momentum, moc units 


range of electrons in target material, gram/centimeter2 (kilogram/meter2) 


classical electron radius, e2/moc2 = 2.82 X centimeter 
(10-15 meter) 

electron kinetic energy, million electron volts 

incident electron kinetic energy, million electron volts 

electron path length, gram/centimeter2 (kilogram/metera) 

remaining thickness of target from point of bremsstrahlung production, 
gram/centimeter2 (kilogram-jmeter2) 

increment of path length, gram/centimetera (kilogram/meter2) 

electron velocity, centimeter/second (meter/second) 

initial electron velocity, centimeter/second (meter/second) 

ratio of backscattered to incident electrons 

coordinate axes 

atomic number of target material 

indexing integer for E 


number of increments in  E in each thin slab 


indexing integer for  I) 


number of increments in I) in each thin slab 
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� angle between electron velocity vector and a normal to target plane 

A� increment in  angle E 

60 photon emission angle with respect to electron velocity vector 

IJ.m photon mass  attenuation coefficient, centimeterZ/gram (metera/kilogram) 

P density of target material, gram/centimeter3 (kilogram/meter3) 

0 bremsstrahlung cross  section, centimeter2 (metera) 

electron scattering cross section, centimeter2 (meter2) 

angle of photon emission with respect to normal to target plane, degrees 
o r  radians 

polar angle of electron in thin-target slab, degrees or radians 

increment in  angle rc/ 

solid angle, steradians 

THEORETICAL ANALYSIS 

The derivation of equations and associated computer program is presented in  ref
erence 2. The following discussion illustrates the basic processes and approximations 
and show how each process is superposed to give the resulting thick-target bremsstrah
lung formula. The following processes a re  considered: 

(1)the effect of multiple electron scattering 

(2) electron backscatter out of the target 

(3) electron-electron bremsstrahlung 

(4) the absorption and buildup of photons in the target 

The basic assumption is that the bremsstrahlung produced in a thick target can be approx
imated by the sum of bremsstrahlung produced in a ser ies  of slabs, each of which can be 
treated as a thin target. 
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The radiative collision geometry for an electron impinging on a thin target at some 
angle e measured from a normal to the plane of the target is shown in figure 1. If a 
photon is emitted, its direction can be defined by the angles qd and eo, where 'pd is 
the angle between the photon direction and the normal, and �lo is the angle between the 
photon direction and the electron velocity vector. Numerous forms of theoretical 
bremsstrahlung thin-target cross  sections (based on Bethe-Hietler theory) have been 
tabulated in  reference 1. The form used for the calculations presented in  this paper 
(eq. 2BN, ref. l),which is the differential i n  photon energy and solid angle, is 

2 2  
do=---Z ro & d~ 

sin200(2E02 + 1) 2(5EO2 + 2EE0 + 3) 2(p0: -:) +- 4E 
ani37 k P, Po 2A04 Po2A02 Q Ao Po2Ao 

r 17 

where 

= E, - po C O S  eo 

E + PE = log, -
E - P  

Q + PE Q= loge -
Q - P  

Q2 = po2 + k2 - 2p0k cos 8, 
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Photon 
Elec t ron  d i r ec t ion  i n  the 

X 


Figure 1.- Electron radiative collision geometry for a thin target. 

Equation (1) represents the probability that a photon with energy between k and k + dk 
wi l l  be emitted into a differential solid angle dS2 oriented in  the direction Bo from the 
incident direction of an electron with energy Eo and momentum po colliding with a 
thin target with atomic number Z. The total probability Py for the emission of a 
photon of energy between k and k + dk in the direction 8, for  the sum of the effects 
of all scattering centers in a thin target of thickness A t  and unit a rea  (for a specified 
E ,  rF/, and qd) is: 

P,(Ei,k,Bo) = [A(.*
dkdS2 " 

k '0 ) A t N d  
i 

where Na is the number of target atoms per unit volume. The angle of photon emission 
Bo with respect to the electron velocity vector is dependent upon the angles E ,  I&,and 
rpd. This dependence is given by the spherical triangle relationship 

cos 8, = cos E cos rpd + sin E sin q d  cos rl/ (3) 
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Multiple Electron Scatterings 

Within each thin slab an electron will, in  general, suffer many collisions. As a 
consequence of this multiple electron scattering, the angular distribution of the brems
strahlung produced is altered. For numerical computation, a convenient expression has 

been developed by Berger (ref. 3) for  the probability P, of an electron traveling in the 
E -direction at some point in a thick target after normal initial impingement. Using a 
Legendre ser ies  expansion and assuming a continuous slowing down of the electrons in 
the absorber, he obtained 

03 

P,(E,E) = c(l+i)exp -IotG2(tf)djP2(cos E )  

2 =o 

where 

Gl(t') = 2 ~ N a J ~ . . ~ ~ e ( 0 , t ' ) b  0)Jsin 6 de- P~(COS 

N a  is the number of target atoms per unit volume, t is the path length traversed by 
the electron, t' is the path-length integration variable, and oe(e,tf) is a single-
scattering cross  section for which the dependence on the electron energy is expressed 
through the dependence on path length. The average probability of an electron being 
present in the ith slab at the angle E is given by 

Thus for one electron direction of E and rc/, the probability of the production of a pho
ton of energy k which wil l  reach the detector at angle 'pd is the product of the two 
probabilities (eqs. (2) and (5)) 

The total radiative probability in the slab i, i f  all angles of electron scattering a r e  con
sidered, that is, E varying from 0 to T and II/ varying from 0 to 2 ~ ,is 

a 




where 

and a, p, y ,  and 6 are integers. The dependence of the angle 0, and consequently 
the dependence of the thin-target bremsstrahlung cross  sections on the indexing integers 
a and y a r e  related through equation (3). The next step is to sum the probabilities 
over the energy (or the corresponding thickness necessary to bring the electron to rest). 

The energy loss of electrons occurs mainly through the different mechanisms of 
ionizing collisions and radiative collisions. The energy loss per unit path length for all 
the target materials examined except titanium, manganese, and nickel were obtained from 
tables prepared by Berger and Seltzer (ref. 4) which consider both ionizing and radiative 
collisions. For the particular materials of titanium, manganese, and nickel, the energy 
loss per unit path length w a s  obtained from a relationship developed by Bethe and Ashkin 
(ref. 5) which considers only energy loss due to ionizing collisions. This relationship is 

r r  1 
1 

where mo is the electron r e s t  mass,  e is the electron charge, v is the electron 
velocity, c is the speed of light, and is the average ionization potential. Values of 
the energy loss per unit path length divided by the density of the target materials (called 
stopping power) are given in table I as functions of the electron energy. 

The differential path length in each slab can be expressed as 

A t  = ~ 

AE 
dE/d t 

(9) 

Substituting this relation into equations (7) and summing over the number of thin slabs 
gives 
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f a, \ 

Thick target i=lcvr0 y=O 

(10) 


where Eo/n = AE and n is the number of thin slabs. Since only electrons with total 
energy greater than k + moc2 can create photons of energy k, the summation must be 
truncated at m 5 n. The governing relationship is 

Em 2 k + moc2 

or 

E o - m - 2 k + m o c  2EO 
n 

Electron Backscatter 

When a beam of electrons strikes a solid target, it has been noted that a significant 
number of electrons a r e  ejected from the target surface with back-directed velocities. 
Some of these electrons a r e  a result of secondary emission and have energies in  the 
range of 50 eV o r  less.  A significant number, however, are elastic and inelastic scat
tered primaries and high-energy secondaries. In reference 6, data a r e  given for the 
ratios of the high-energy backscattered electrons to the incident electrons. These ratios 
increase with the atomic number of the target materials and decrease with incident elec
tron energy. Typical ratios range from approximately 0.44 for lead at 1.0 MeV to approx
imately 0.04 for aluminum at 3.0 MeV. The ratio of the average energy of the backscat
tered electrons is similarly dependent on the atomic number and electron energy with 
typical ranges from approximately 0.75 for lead at 1.0 MeV to approximately 0.4 for 
aluminum at 3.0 MeV. As a result, the total bremsstrahlung production is reduced in  
proportion to the loss of these high-energy backscattered electrons. 

Electron-Electron Bremsstrahlung 

In passing through a target material, an electron may also experience collisions 
with the atomic electrons of the target material. In reference 7 it has been shown that 
the electron-electron bremsstrahlung may be taken into account with a reasonable degree 
of accuracy by replacing the Z2 factor in the thin-target cross-section formula (eq. (1)) 
by Z(Z + 1). 
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Absorption and Buildup of Photons 

When passing through any material, a photon may interact with the material by the 
photoelectric effect, Compton scattering, and/or pair production. This interaction gives 
r ise  to an exponential attenuation of the photons in  the material accompanied by secondary 
radiations produced by Compton scattered photons, and the radiative decay of the photo
electric electrons and pair-production electrons and positrons. This attenuation and 
buildup of the photons can be taken into account by the use of a factor which is the ratio 
of photons at any point to the number of primary photons. This factor can be written as 

Number of photons = (I J . ~  exp (-pmt)Number of primary photons y t )  

where 

t is the material thickness; pm is the mass attenuation coefficient at energy k; and 
the constants A i ,  91, A2, and a2 a re  coefficients adjusted to f i t  experimental or 
theoretical data. The attenuation coefficients used in the present calculations were 
obtained with some interpolation from data presented in reference 8 and are  given in 
table II. The buildup coefficients used a re  given in table 111and a r e  interpolations of 
data given in reference 9. 

Thick-Target Cross Section 

The processes of backscattering, electron-electron bremsstrahlung and photon 
absorption and buildup can now be included in the thick-target cross  section, 

where e-Pmtxlcos sod is the photon attenuation in the target; tx is the remaining 
thickness of target material from the point of bremsstrahlung production; B is the pho
ton buildup; Z(Z + 1) the approximate correction for electron-electron bremsstrahlung, 
and W is the ratio of backscattered electrons to incident electrons. If the intensity of 
bremsstrahlung production is now defined as the photon energy k multiplied by the 
thick-target cross  section, and NAPIA is substituted for Nay equation (13) becomes 
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where 

has been normalized to one in  each thin slab. 

RESULTS AND EXPERIMENTAL COMPARISON 

The intensity of bremsstrahlung production for thick targets of magnesium, alumi
num, titanium, manganese, iron, nickel, copper, tungsten, gold, and lead has been com
puted for incident electron kinetic energies of 0.50, 0.75, 1.00, 2.00, and 3.00 MeV by 
using the formula given in  equation (14). In all cases  the target thickness w a s  chosen 
equal to the mean range of the incident electrons in the target material. These range 
values a r e  given in table IV and, except for titanium, manganese, and nickel, were 
obtained from data presented in reference 4. The ranges for titanium, manganese, and 
nickel were obtained from ‘the numerical evaluation of the relation 

where p is the density and -dE/dt is the energy loss per unit path length given by 
equation (8). The bremsstrahlung intensities for the 10 target materials a r e  given in 

tables V to XIV for detection angles ‘pd of Oo, 30°, and 60° from the normal of the tar
get plane. 

Little experimental thick-target bremsstrahlung production data exist for the 
materials and energy ranges examined in  this report. Experimental data do exist, how
ever,  for aluminum and i ron (ref. 10) and some comparisons of the experimental data 
with the data from tables VI and IX a r e  given in  figures 2 to 7. 
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10-1 c 


Experimental data (ref.  10) 

Energy Target thickness 
0 3.0 MeV 1.878 g/cm2 (18.78 kg/m2) 

\ 
3.0  MeV 

-4
10 


A 


1 0 0 


O 

L - 1 1 -. I I I J 

0 1.0 2.0 3 -0 

Photon energy, MeV 

Figure 2.- Bremsstrahlung intensity at g0 for thick aluminum targets. 
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10-1 

Experimental data (ref. 10) 


Energy Target thickness 

0 3.0 MeV 1.878 g/a2  (18.78 kg/m2) 
0 2.0 MeV 1.738 g/cm2 (17.38 kg/m2) 

A 1.0 MeV .548 g/cm2 ( 5.48 kg/m2) 

0 .5 MeV .548 g/cm2 ( 5.48 kg/m2) 

10-2 


0 


-410 


A 


-10-5 
IL I - I I I 
0 1.0 2.0 3 -0 

Photon energy , MeV 

I 0 0 

Figure 3.- Bremsstrahlung intensity at 300 for thick aluminum targets. 
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Experimental data (ref. 10) 


Energy Target thickness 

0 3.0 MeV 1.878 g/cm2 (18.78 kg/m2) 


2.0 MeV 1.738 g/cm2 (17.38 kg/m2) 

A 1.0 MeV .548 g/cm2 ( 5.48 kg/m2) 
o .5 MeV .548 g/m2 ( 5.48 U / m 2 )  

0 


0 


0 


0 


-
- 0 


- 0.5 MeV 

-
-
 0 

I . 

-

-


10-6 	 -
L- - I 1 I I I I 
0 1.0 2.0 3 -0 

Photon energy , MeV 

Figure 4.- Bremsstrahlung intensity at 600 for thick aluminum targets. 

1 5  



0 


10-4 = 0 

0.5 MeV 

10-5 -
I I I I ~~ 1 -~ J 

Photon energy , MeV 

Figure 5.- Bremsstrahlung intensity at  00 for thick iron targets. 
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Experimental data (ref. 10) 

Energy Target thickness 

0 3.0 MeV 4.212 dun2 (42.12 kg/m2> 

2.0 MeV 4.212 g/m2 (42.12 kg/m2) 

A 1.0 mev .779 g / a 2  ( 7.79 k g i m2) 
0 .5 MeV .779 g/m2 ( 7.79 kg/m2) 

- 0 . 5  MeV 0 

0 


10-5 -

Photon energy, MeV 

Figure 6.- Bremsstrahlung intensity at 300 for thick iron targets. 
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Experimental data (ref. 10) 


Energy Target thickness 
0 3.0 MeV 4.212 g/cm2 (42.12 kg/m2) 

0 2.0 MeV 4.212 g/cm2 (42.12 kg/m2) 

A 1.0 MeV .779 g/cm2 ( 7.79 &/a2)
0 .5 MeY .779 g/cm 2 ( 7.79 kg/m2) 

A 

I I 1 
0 1.0 2.0 

Photon energy , MeV 

Figure 7.- Bremsstrahlung intensity at 600 for thick iron targets. 
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The bremsstrahlung intensities presented in  these figures a re  shown as functions 
of photon energy for incident electron energies of 0.5, 1.0, 2.0, and 3.0 MeV and photon 
detection angles of 00,30°, and 60°. Figures 2 and 5 compare the theoretical calcula
tions with experimental data for  aluminum and iron at Oo. The largest  differences 
between experiment and prediction occur for iron in the lower photon energy region. The 
predicted values generally tend to overestimate the intensity in  the lower photon energy 
range and underestimate for the higher energy ranges; this result  might be expected 
because the thin-target cross-section theoretical equation (eq. (1))used in  the develop
ment of this thick-target theory also tends to overestimate the intensity in the lower pho
ton energy range and underestimate in  the higher range. The experimental data (from 
ref. 10) were obtained for iron target thicknesses considerably greater than the mean 
electron range thickness assumed for the calculations; thus, it would be expected that the 
attenuation observed in  the experiment would be greater than the predicted values, par
ticularly for the lower energy photons. The increase in  the discrepancy between predic
tion and experiment with detection angle is attributed to the use of equation (l),where the 
same discrepancy occurs in comparison with thin-target data. 

There is a somewhat more subtle cause of divergence for the higher atomic number 
materials. The Bethe-Heitler thin-target cross  sections a re  derived by using the Born 
approximation technique, which is good provided 

and 

-<< 12 ~ e 2  
hv 

where vo and v a re  the electron velocities before and after a collision. Because 
these relations a r e  not as well  satisfied for the higher atomic number materials and 
lower electron velocities, the agreement cannot be expected to be as good. 

The buildup factors (table III) were obtained by interpolation between points of the 
data in  reference 9. It is believed that the accuracy of the theoretical predictions could 
be greatly improved by better buildup input data (from more detailed experimental data 
rather than by interpolation), especially in  the photon energy range below 1 MeV. 

CONCLUDING REMARKS 

Calculations have been made for the angular and energy distributions of brems
strahlung produced in  thick elemental metallic targets by normally incident monoenergetic 
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fluxes of electrons with energies of 0.50, 0.75, 1.00, 2.00, and 3.00 MeV. Results are 
given for magnesium, aluminum, titanium, manganese, iron, nickel, copper, tungsten, 
gold, and lead. The target thickness was  chosen to be the mean range of the electrons 
in the particular target material for the electron energy of interest. 

The theoretical analysis and resulting computer program by which these data were 
obtained was  reported in  NASA Technical Note D-4063. This analysis is based on the 
approximation of a thick target by a series of thin slabs each of which is considered to be 
a thin target for bremsstrahlung production, and includes the following secondary pro
cesses: (1)the effect of multiple electron scatterings, (2) electron backscatter out of the 
target, (3) electron-electron bremsstrahlung, and (4) the absorption and buildup of photons 
in the target. 

The results are compared with experimental thick-target bremsstrahlung data for 
aluminum and iron targets. Although the agreement is generally good, the predicted 
bremsstrahlung values tend to overestimate the experimental data for low photon ener
gies and underestimate for higher photon energies. The discrepancy between the pre
dicted and experimental values increases with increasing angular displacement from the 
incident electron direction and with increasing atomic number of the target material. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., April 15, 1968, 
124-09-11-03-23. 
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TABLE I.- ELECTRON STOPPING POWER 

Target  Stopping power, MeV cma/g (10-1 MeV m2/kg), for -
T = 0.1 MeV T = 0.2 MeV T = 0.4 MeV T = 0.6 MeV T = 0.8 MeV T = 1.0 MeV T = 1.5 MeV T = 2.0 MeV T = 3.0 MeV T = 4.0 MeV 

Magnesium 3.298 2.264 1.151 1.621 1.512 1.554 1.558 1.583 1.641 1.691 
1 Aluminum 3.200 2.199 1.106 1.511 1.521 1.502 i 1.505 1.528 i 1.584 1.639 

Titanium 2.841 1.964 1.533 , 1.414 1.313 1.360 1.311 1.394 1.449 1.496 

Manganese 2.183 1.922 1.502 1.381 1.341 ' 1.334 1.350 1.370 1.424 1.471 

Iron 2.851 1.984 1.551 1.443 1.405 1.394 1.411 1 1.441 1.521 1.605 

Nickel 2.860 1.980 1.549 1.432 1.391 1.380 1.395 1.418 1.475 1.524 

Copper 2.138 1.908 1.508 1.398 , 1.364 1.356 1.318 ~ 1.411 1.502 1.584 

Tungsten 2.091 1.501 1.229 ~ 1.114 1.169 1.180 1.242 ' 1.316 1.464 1.608 

Gold 2.063 1.486 1.221 , 1.168 ~ 1.165 I 1.111 1.242 ' 1.319 1.475 1.625 
i I 

Lead 2.024 1.461 , 1.203 ' 1.152 1.153 ~ 1.168 1.238 1.316 1.476 1.630 

TABLE E.-MASS ATTENUATION COEFFICIENTS 

mater ia l  T = 0.1 MeV T = 0.2 MeV T = 0.4 MeV T = 0.6 MeV T = 0.8 MeV r = 3.0 MeV ? = 4.0 MeV 

Magnesium 1 0.160 0.122 0.0944 0.0795 0.0699 0.0621 0.0512 0.0442 0.0360 
,

Aluminum .161 I .120 .0922 . O l l l  .0683 .0614 .0432 .0353 

Titanium .215 ' .134 .0952 .0803 .0696 .0625 .0431 .0312 .0335 

.Of502 .04 90 .0423 .0363 .0331 

.0595 .0485 .0424 .0360 .0330 

, .0581 .0418 .0419 .0350 .0330 

.0418 .0351 .0330 

.0431 .0402 

.0441 

Lead 5.29 .896 .208 , .114 .0836 .0684 .0512 .0451 .0421 .0420 



.077 

r 

TABLE III.- PHOTON BUILDUP COEFFICIENTS OF TARGET MATERIALS 

Photon Buildup coefficients Photon I Buildup coefficients 
energy,

MeV MeV I A1 I - a 

Magnesium 

.068 .072 

.059 .094 

4.0 


Aluminum 

1.0 11.3 0.093 0.017 
1.5 .045 
2.0 %:.069 .065 
3.0 4.7 .060 3.7 .088 
4.0 3.9 

1 
.057 2.9 1 .loo 

Titanium 

1.0 0.023 
1.5 .033 
2.0 6.1 .043 
3.0 4.4 .070 .059 
4.0 3.6 .069 .070 

__ 

Manganese 

, 
= 3.00 MeV :o = 2.00 MeV To = 1.00 MeV ?o = 0.75 Me\ To = 0.50 MeV 

Magnesium 1.793 1.173 0.532 0.373 0.218 

Aluminum 1.855 1.212 .549 .384 .224 

Titanium 2.044 1.340 .611 .428 .250 

Manganese 2.084 1.367 .624 .437 .256 

Iron 1.980 1.307 .598 .421 .248 

Nickel 2.010 1.320 .603 .423 .248 

Copper 2.030 1.344 .620 .436 .257 

Tungsten 2.273 1.553 .748 .535 .322 

Gold 2.274 1.558 .753 .539 .325 

Lead 2.288 1.571 .763 .547 .330 

1.0 9.1 
1.5 7.3 
2.0 6.0 
3.0 4.3 
4.0 3.6 

1.5 

2.0 
3.0 

4.0 


Target
material ro 

0.083 
.076 
.073 
.072 .054 
.072 2.6 .066 

~ ~ _ _  

.040 

3.5 ,053 


.073 2.5 ,065 


m 

~ 

1.0 8.7 0.080 
1.5 7.1 .076 
2.0 5.9 .074 .039 
3.0 4.2 .074 .052 
4.0 3.4 .075 

Copper 

1.0 6.6 0.079 
1.5 7.0 .076 
2.0 5.9 .074 
3.0 4.2 .072 3.2 .051 
4.0 3.4 .076 .063 

1.0 3.3 0.044 
1.5 3.4 .053 
2.0 3.3 .062 
3.0 2.7 .081 
4.0 2.0 .10 

Gold 

1.0 2.9 0.040 
1.5 3.0 .049 
2.0 2.9 .059 
3.0 2.4 .080 
4.0 1.8 .10 

~ 

Lead 

1.7 


TABLE 1V.- MEAN ELECTRON RANGE 

Mean electron range, g/cma (0.1 kg/mz), for 

_______ 

23 




TABLE V. - THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR MAGNESIUM 

Photon Bremsstrahlung intensity, 
MeV-sr-electron 

I Photon I Bremsstrahlung intensity, MeVMeV 
MeV-sr-electronenergy, ene rw.  

MeV . 
'pd = 0' 'pd =I 30' 'pd a 60' 

To = 3.00 MeV 

0.05 4.56 X 2.15 X 7.08 x 10-3 0.05 

.15 3.71 X 10-2 1.69 x 10-2 5.34 x 10-3 .15 

.25 3.22 x 10-2 1.42 x 10-2 4.28 x 10-3 ~ .25 

.35 2.88 x 10-2 l.25 x 10-2 3.53 x 10-3 .35 

.45 2.60x 10-2 1.09 x 10-2 2.73 x 10-3 .45 

.65 2.14 x 10-2 7.97 x 10-3 1.43 x 10-3 .65 

.85 1.75 X lom2 5.58 x 10-3 6.93 x 10-4 .85 

1.05 1.42 x 10-2 

1.25 1.14 x 10-2 

1.45 8.92 x 10-3 0.05 


1.65 6.89 x 10-3 .15 


1.85 5.19 x 10-3 .25 


2.05 3.76 x 10-3 .35 


2.25 2.55 x 10-3 .45 


2.45 1.56 x 10-3 .65 


2.65 7.72 x 10-4 

2.85 2.17 x 10-4 0.05 


To = 2.00 MeV -15 


0.05 2.61 x 10-2 1.44 x 10-2 4.82 x 10-3 .25 


.15 2.01 x 10-2 1.09 x 10-2 3.48 x 10-3 .35 


.25 1.68 x 10-2 8.88 X 10-3 2.70 x 10-3 .45 


.35 1.45 X 7.45 x 10-3 2.09 x 10-3 


.45 1.26 X 10-2 6.24 x 10-3 1.56 x 10-3 


.65 9.41 x 10-3 4.19 x 10-3 7.70 x 10-4 


.85 6.86 X 10-3 2.66 x 10-3 3.58 x 10-4 

1.05 4.78 x 10-3 1.59 x 10-3 1.69 x 10-4 

1.25 3.10 x 10-3 8.89 x 10-4 7.90 x 10-5 

1.45 1.79 x 10-3 4.49 x 10-4 3.54 x 10-5 

1.65 8.27 x 10-4 1.87 x 10-4 1.38 x 10-5 

1.85 2.08 x 10-4 4.43 x 10-5 3.16 x 10-6 , 

'pd = 0' 'pd = 30' 

5.27 x 10-3 3.99 x 10-3 
3.90 x 10-3 2.90 x 10-3 
2.93 x 10-3 2.12 x 10-3 
2.13 x 10-3 1.49 x 10-3 
9.36 x 10-4 6.03 x 10-4 
2.18x 10-4 1.28 x 10-4 

Tn = 0.75 MeV 

3.28 x 10-3 2.79 x 10-3 
2.03 x 10-3 1.70 x 10-3 
1.36 x 10-3 1.12 x 10-3 
9.02 x 10-4 7.25 x 10-4 
5.40 x 10-4 4.20 x 10-4 
8.36 x 10-5 6.03 x 10-5 

To = 0.50 MeV 

9.36 x 10-4 8.70 x 10-4 
4.87 x 10-4 4.47 x 10-4 
2.56 x 10-4 2.31 x 10-4 
1.09 x 10-4 9.56 x 10-5 
1.86x 10-5 1.57 x 10-5 

'pd = 60' 

3.00 x 10-3 
1.92 x 10-3 
1.32 x 10-3 
8.93 x 10-4 
5.67 x 10-4 
1.82 x 10-4 
3.25 x 10-5 

1.72 x 10-3 
1.02 x 10-3 
6.38 x 10-4 
3.83 x 10-4 
2.02 x 10-4 
2.45 x 10-5 

6.82 x 10-4 
3.42 x 10-4 
1.69 x 10-4 
6.55 x 10-5 
1.01 x 10-5 



TABLE VI. - THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR ALUMINUM 

I 

MeV '7 


Photon Bremsstrahlung intensity, 
MeV-sr-electron 

Photon Bremsstrahlung intensity, MeV 

energy, ' energy, MeV-sr-electron 


MeV 
'pd = 0' 'pd = 30' 'pd= 60' I 

MeV 
'pd = 0' 'pd = 30' qd = 60' 

0.05 5.06 x 2.46 x 10-2 7.95~10-3 ' 0.05 7.99 x 10-3 6.27 x 10-3 

.15 4.08 X 1.94 X 6.27 x 10-3 .15 5.42 x 10-3 4.20 x 10-3 

.25 3.55 x 10-2 1.65 X 5.14 x 10-3 .25 4.03 x 10-3 3.07 x 10-3 

.35 3.18 x 10-2 1.44 x 10-2 4.17x 10-3 .35 3.02 x 10-3 2.25 x 10-3 

.45 2.87 x 10-2 1.26 x 10-2 3.31 x 10-3 2.20 x 10-3 1.59 x 10-3 

.65 2.36 x 10-2 9.33 x 10-3 1.81 x 10-3 9.71 x 10-4 6.45 x 10-4 

.85 1.94 x 10-2 6.60 x 10-3 8.87 x 10-4 .85 2.27 x 10-4 1.38 x 10-4 

1.05 

1.25 

1.45 

1.65 

1.85 

2.05 4.14x 10-3 5.13 x 10-4 2.94 x 10-5 

2.25 2.80 x 10-3 3.09 x 10-4 1.74 x 10-5 .45 7.36 x 10-4 5.85 x 10-4 3.06 x 10-4 


2.45 1.71 x 10-3 1.71 x 10-4 9.49.x10-6 .65 3.79 x 10-5 


2.65 8.43 x 10-4 7.92 x 10-5 4.33 x 10-6 T,- = 0.50 MeV 

2.85 2.36 x 10-4 1 2.12 x 10-5 I 1.12 x 10-6 
 0.05 1.85 x 10-3 1.73 x 10-3 1.34 x 10-3 


To = 2.00 MeV I .15 9.77 x 10-4 9.00 x 10-4 6.81 x 10-4 


0.05 2.79 x 10-2 

.15 2.15 x 10-2 

.25 1.81 x 

.35 1.56 X 


.45 1.35 X 


.65 1.02 x 10-2 


.85 7.42 x 10-3 

1.05 5.18 x 10-3 

1.25 3.37 x 10-3 

1.45 1.95 x 10-3 

1.65 9.01 x 10-4 

1.85 2.26 x 10-4 


5.17x 10-4 4.67 x 10-4 3.35 x 10-4 

2.19 x 10-4 1.93 x 10-4 1.30 x 10-4 

3.78 x 10-5 3.25 x 10-5 2.19 x 10-5 


3.04 x 10-3 4.44 x 10-4 
1.83 x 10-3 2.09 X 

1.03 x 10-3 9.70 x 10-5 
5.21 x 10-4 4.31 x 10-5 
2.17 x 10-4 1.67 x 10-5 
5.11 x 10-5 3.79 x 10-6 



N TABLE VII.- THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR TITANIUM 
Q, 

MeV MeVPhoton Bremsstrahlung intensity, MeV-sr-electron Photon Bremsstrahlung intensity, 
MeV-sr-electronenergy, energy, 

MeV 'Pd a O0 (Pd = 30' I 'pd = 60' MeV 'pd = 0' (Pd = 30' 'pd = 60' 

T,- = 3.00 MeV I 1 To = 1.00 MeV 

0.05 6.62 X 4.40 X I 1.66 X l o m 2  0.05 1.05 X 9.25 x 10-3 5.80 x 10-3 

.15 5.56 X 3.58 x 1.32 X 10-2 .15 7.11 x 10-3 6.20 x 10-3 3.83 x 10-3 


i .25 4.92 x 10-2 3.09 x 10-2 1.10 x 10-2 .25 5.28 x 10-3 4.54 x 10-3 2.72 x 10-3 

.35 4.42 x 10-2 2.72 X 10-2 9.34 x 10-3 .35 3.96 x 10-3 3.35 x 10-3 1.92 x 10-3 

.45 4.01 x 2.42 X 7.79 x 10-3 .45 

.65 3.32 X l om2 1.87 x 4.98 x 10-3 .65 

.85 2.75 x io-2 1.41 x 10-2 2.87 x 10-3 .85 


1.05 2.25 X 1.02 x 10-2 1.57 x 10-3 , 
1.25 1.81 X 7.17 x 10-3 8.53 x 10-4 ~ 

1.45 1.44 x 10-2 4.89 x 10-3 4.72 x 10-4 0.05 4.34 x 10-3 


1.65 1.11x 10-2 3.26 x 10-3 2.69 x 10-4 I .15 2.69 x 10-3 2.48 x 10-3 1.84 x 10-3 


1.85 8.37 x 10-3 2.12 x 10-3 1.56 x 10-4 2 5  1.80 x 10-3 1.65 x 10-3 1.19 x 10-3 


2.05 6.02 x 10-3 1.33 x 10-3 9.02 x 10-5 .35 1.19 x 10-3 1.07 x 10-3 7.38 x 10-4 


2.25 4.40 x 10-3 7.88 x 10-4 5.07 x 10-5 .45 7.21 x 10-4 6.33 x 10-4 4.14 x 10-4 


2.45 2.43 x 10-3 4.25 x 10-4 2.64 x 10-5 .65 1.17 x 10-4 9.66 x 10-5 5.58 x 10-5 


2.65 l 1.18 x 10-3 1.89 x 10-4 1.14 x 10-5 To = 0.50 MeV 

2.85 ' 3.27 x 10-4 4.74 x 10-5 2.72 x 10-6 n n c  


1.09 x 10-3 

To = 2.00 MeV 6.41 x 10-4 6.22 x 10-4 5.50 x 10-3 


0.05 3.80 X 2.72 x 10-2 1.10 x 10-2 .25 3.33 x 10-4 3.19 x 10-4 2.75 x 10-4 


.15 2.98 x 10-2 2.09 x 10-2 8.23 x 10-3 .35 1.40 x 10-4 1.32 x 10-4 1.09 x 10-4 


.25 2.53 x 1.75 x 10-2 6.66 X 10-3 . .45 2.44 x 10-5 2.23 x 10-5 1.77 x 10-5 


.35 2.18 x 10-2 1.48 x 10-2 5.36 x 10-3 


.45 1.90 x 10-2 


.65 1.44 x 10-2 


.85 1.07 x 10-2 

1.05 7.55 x 10-3 

1.25 4.97 x 10-3 

1.45 2.92 x 10-3 

1.65 1.38 x 10-3 

1.85 3.52 x 10-4 




TABLE Vm.- THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR MANGANESE 

. . 

Photon 
energy,
MeV 


0.05 

.15 

.25 

.35 

.45 

.65 

.85 


1.05 

1.25 

1.45 

1.65 

1.85 

2.05 

2.25 

2.45 

2.65 

2.85 


0.05 

.15 

.25 

.35 

.45 

.65 

.85 


1.05 

1.25 

1.45 

1.65 

1.85 


MeVBremsstrahlung intensity, 
MeV-sr-electron 

pd = 0' 'pd = 30' 

6.04 x 10-2 4.47 x 10-2 
5.48 X 3.85 X 

5.01 x 10-2 3.40 x 10-2 
4.51 x 10-2 3.00 X 

4.10 X 2.67 X 

3.41 x 10-2 2.09 x 10-2 
2.83 X 1.59 X 

2.32 x 10-2 1.17 x 10-2 
1.86 x 8.23 x 10-3 
1.47 x 10-2 5.65 x 10-3 
1.14 x 10-2 3.78 x 10-3 
8.57 x 10-3 2.46 x 10-3 
6.16 x 10-3 1.54 x 10-3 
4.14 x 10-3 9.17 x 10-4 
2.49 x 10-3 4.94 x 10-4 
1.21 x 10-3 2.18 x 10-4 
3.33 x 10-4 5.40 X 10-5 

To = 2.00 MeV 
 -

3.64 x 10-2 2.77 x 10-2 
2.99 x 10-2 2.22 x 10-2 
2.57 X 10-2 1.88 x 10-2 
2.23 X 10-2 1.59 X 10-2 
1.95 X 1.36 X 

1.48 x 10-2 9.75 x 10-3 
1.09 x 10-2 6.67 x 10-3 
7.75 x 10-3 4.27 x 10-3 
5.10 x 10-3 2.52 x 10-3 
2.99 x 10-3 1.32 x 10-3 
1.41 x 10-3 5.53 x 10-4 
3.61 x 10-4 1.28 x 10-4 

'pd = 60' 

1.80 x 10-2 
1.49 x 10-2 
1.27 x 10-2 
1.08 x 10-2 
9.11 x 10-3 
6.00 x 10-3 
3.59 x 10-3 
2.01 x 10-3 
1.10 x 10-3 
6.03 x 10-4 
3.41 x 10-4 
1.96 x 10-4 
1.12 x 10-4 
6.29 x 10-5 
3.26 x 10-5 
1.41 x 10-5 
3.31 x 10-6 

1.17 x 10-2 
9.17 x 10-3 
7.58 x 10-3 
6.14 x 10-3 
4.96 x 10-3 
2.99 x 10-3 
1.64 x 10-3 
8.39 x 10-4 
3.98 x 10-4 
1.75 x 10-4 
6.49 x 10-5 
1.40 x 10-5 

MeVPhoton Bremsstrahlung intensity, 
MeV-sr-electronenergy, 

MeV 
'pd = 0' 'pd = 30' qd = 60' 

0.05 1.04 x 10-2 9.39 x 10-3 6.13 x 10-3 
.15 7.09 x 10-3 6.33 x 10-3 4.09 x 10-3 
.25 5.26 x 10-3 4.64 x 10-3 2.93 x 10-3 
.35 3.94 x 10-3 3.42 x 10-3 2.08 x 10-3 
.45 2.89 x 10-3 2.46 x 10-3 1.42 x 10-3 
.65 1.31 x 10-3 1.06 x 10-3 5.33 x 10-4 
.85 3.18 x 10-4 2.41 x 10-4 1.05 x 10-4 -

To = 0.75 MeV 

0.05 4.33 x 10-3 

.15 2.68 x 10-3 

.25 1.79 x 10-3 

.35 1.18 x 10-3 

.45 7.14 x 10-4 

.65 1.16 x 10-4 


6.45 x 10-4 

3.32 x 10-4 


.35 1.39 x 10-4 


4.09 x 10-3 3.18 x 10-3 
2.51 x 10-3 1.93 x 10-3 
1.66 x 10-3 1.25 x 10-3 
1.08 x 10-3 7.79 x 10-4 
6.39 x 10-4 4.40 x 10-4 
9.86 x 10-5 6.06 x 10-5 

0 MeV 

1.24 x 10-3 1.12 x 10-3 

6.31 x 10-4 5.70 x 10-4 

3.21 x 10-4 2.84 x 10-4 

1.32 x 10-4 1.13 x 10-4 

2.24 x 10-5 1.83 x 10-5 




TABLE E.- THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR IRON 

MeV qd = 00 'pd = 300 


Tn = 3.00 MeV 

0.05 7.03 X 5.14 X 

.15 6.13 x 10-2 4.29 x 10-2 

.25 5\35x 10-2 3.69 X 

.35 4.72 x 10-2 3.22 x 10-2 

.45 4.36 X 2.88 X 

.65 3.56 x 10-2 2.23 x 10-2 

.85 2.95 x 10-2 1.70 x 10-2 
1.05 2.43 X 1.25 X 

1.25 1.96 X 8.93 x 10-3 
1.45 1.56 x 10-2 6.18 x 10-3 
1.65 1.21 x 10-2 4.17x 10-3 
1.85 9.10 x 10-3 2.72 x 10-3 
2.05 6.61 x 10-3 1.73 x 10-3 
2.25 4.61 x 10-3 1.06 x 10-3 
2.45 2.87 x 10-3 5.92 x 10-4 
2.65 1.44 x 10-3 2.70 x 10-4 
2.85 4.11 x 10-4 6.88 X 

To = 2.00 MeV 

Photon MeV Photon 
energy, 

Bremsstrahlung intensity, 
MeV-sr-electron ene rm.  

qd = 60' MeV 

I 


1.88 X 0.05 

1.57 x 10-2 .15 

1.30 X .25 

1.09 x 10-2 .35 

9.22 x 10-3 .45 

5.90 x 10-3 .65 

3.35 x 10-3 .85 

1.91 x 10-3 

1.08 x 10-3 

6.26 x 10-4 0.05 


3.70 x 10-4 .15 


2.22 x 10-4 .25 


1.26 x 10-4 .35 


6.73 x 10-5 .45 


3.52 x 10-5 .65 


1.51 x 10-5 

3.46 X lom6 0.05 


.15 


1.25 X 10-2 .25 


9.78 x 10-3 .35 


v.87 x 10-3 .45 


6.34 x 10-3 

5.10 x 10-3 

3.03 x 10-3 

1.61 x 10-3 

8.44 x 10-4 

4.15 x 10-4 

1.91 x 10-4 

7.59 x 10-5 

1.89 x 10-5 


Bremsstrahlung intensity, MeV 
MeV-sr-electron 

1 1 


Tn- = 1.00 MeV 


1.04 X 9.82 x 10-3 6.57 x 10-3 

7.06 x 10-3 6.58 x 10-3 4.37 x 10-3 

5.18 x 10-3 4.78 x 10-3 3.10 x 10-3 

3.84 x 10-3 3.50 X 10-3 2.19 x 10-3 

2.79 x 10-3 2.51 x 10-3 1.49 x 10-3 

1.33 x 10-3 1.10 x 10-4 5.52 x 10-4 

3.31 x 10-4 2.50 x 10-4 1.05 x 10-4 


Tn = 0.75 MeV 

5.29 x 10-3 5.35 x 10-3 4.37 x 10-3 

3.26 x 10-3 3.27 x 10-3 2.66 x 10-3 

2.14 x 10-3 2.14 x 10-3 1.71 x 10-3 

1.38 x 10-3 1.37 x 10-3 1.06 x 10-3 

8.06 x 10-4 7.98 x 10-4 5.97 x 10-4 

1.44 x 10-4 1.27 x 10-4 8.26 x 10-5 


To = 0.50 MeV 

2.41 X 10-3 2.40 X 10-3 2.22 x 10-3 

1.25 x 10-3 1.23 x 10-3 1.13 x 10-3 

6.42 x 10-4 6.26 x 10-4 5.62 x 10-4 

2.66 x 10-4 2.54 x 10-4 2.21 x 10-4 

4.58 x 10-5 4.28 x 10-5 3.58 x 10-5 


0.05 4.01 X 10-2 

.15 3.20 X lom2 

.25 2.65 X 10-2 

.35 2.31 X 10-2 

.45 1.99 x 10-2 

.65 1.52 x 10-2 

.85 1.13 x 10-2 

1.05 8.08 x 10-3 

1.25 5.35 x 10-3 

1.45 3.16 x 10-3 

1.65 1.49 x 10-3 

1.85 3.83 x 10-4 


3.10 x 10-2 

2.42 x 10-2 

1.99 x 10-2 

1.70 x 10-2 

1.44 x 10-2 

1.03 x 10-2 

7.05 x 10-3 

4.55 x 10-3 

2.70 x 10-3 

1.43 x 10-3 

6.03 x 10-4 

1.40 x 10-4 


I 



MeV MeVPhoton Bremsstrahlung intensity, MeV- sr-elec t r  on Photon Bremsstrahlung intensity, MeV-sr-electronenergy, energy, 
MeV MeV 

'pd = 0' pd = 30' 'pd = 60' 'pd = 0' = 30' pd = 60' 

To = 3.00 MeV Tn = 1.00 MeV 

0.05 7.09 X 5.41 x 10-2 2.15 X 0.05 1.13 x 10-2 1.03 x 10-2 6.97 x 10-3 

.15 6.34 X 4.63 X 1.81 X .15 7.73 x 10-3 7.02 x 10-3 4.73 x 10-3 

.25 5.76 X 10-2 4.11 x 10-2 1.56 x 10-2 .25 5.75 x 10-3 5.17 x 10-3 3.41 x 10-3 

.35 5.19 X 10-2 3.63 X 10-2 1.33 X 10-2 .35 4.30 x 10-3 3.81 x 10-3 2.43 X 10-3 

.45 4.72 X 3.24 x 1.13 x 10-2 .45 3.15 x 10-3 2.75 x 10-3 1.67 x 10-3 

.65 3.92 X 2.55 X 7.63 x 10-3 .65 1.43 x 10-3 1.19 x 10-3 6.39 x 10-4 

.85 3.26 X 1.97 X 4.75 x 10-3 .85 3.51 x 10-4 2.72 x 10-4 1.29 x 10-4 

1.05 2.69 X 1.47 x 10-2 2.77 x 10-3 To = 0.75 MeV 

1.25 2.18 X lom2 1.06 X 


1.45 1.73 x 10-2 7.42 x 10-3 8.84 x 10-4 0.05 4.71 x 10-3 4.51 x 10-3 3.59 x 10-3 


1.65 1.34 X 4.99 x 10-3 4.96 x 10-4 .15 2.92 x 10-3 2.78 x 10-3 2.20 x 10-3 


1.85 1.01 x 10-2 3.26 x 10-3 2.82 x 10-4 .25 1.96x 10-3 1.84 x 10-3 1.43 x 10-3 


2.05 7.25 x 10-3 2.05 x 10-3 1.60 x 10-4 .35 1.28 x 10-3 1.19 x 10-3 8.94 x 10-4 


2.25 4.88 x 10-3 1.22 x 10-3 8.86 x 10-5 .45 7.75 x 10-4 7.05 x 10-4 5.08 x 10-4 


2.45 2.93 x 10-3 6.57 x 10-4 4.53 x 10-5 .65 1.27 x 10-4 1.10 x 10-4 7.10 x 10-5 


2.65 1.43 x 10-3 2.89 x 10-4 1.91 x 10-5 T," = 0.50 MeV 

2.85 3.94 x 10-4 7.11 x 10-5 I 4.46 X 10-6 

0.05 I 1.39 x 10-3 I 1-38x 10-3 1.27x 10-3 

To = 2.00 MeV i .15 1 7.12 X i 7.01 X 10-4 6.44 x 10-4 


0.05 4.19 x 10-2 3.28 X 1.40 X lom2 3.65 x 10-4 3.55 x 10-4 3.21 x 10-4 

.15 3.42 x 10-2 2.62 x 10-2 1.11 x 10-2 1.51 x 10-4 1.45 x 10-4 1.27x 10-4 

.25 2.94 x 10-2 2.23 X 10-2 9.26x 10-3 2.62 x 10-5 2.45 x 10-5 

.35 2.54 x 10-2 1.89 x 10-2 7.54 x 10-3 

.45 2.22 x 10-2 1.62 x 10-2 6.15 x 10-3 

.65 1.69 X 1.17 X 3.81 x 10-3 

.85 1.26 X 8.11 x 10-3 2.17 x 10-3 

1.05 9.02 x 10-3 5.31 x 10-3 1.15 x 10-3 

1.25 6.01 x 10-3 3.20 x 10-3 5.66 x 10-4 

1.45 3.56 x 10-3 1.70 x 10-3 2.53 x 10-4 

1.65 1.67 x 10-3 7.14 x 10-4 9.33 x 10-5 

1.85 4.25 x 10-4 1.63 x 10-4 1.97 x 10-5 




W 
0 


Photon 
energy,

MeV: 

0.05 

.15 

.25 

.35 

.45 

.65 

.85 

1.05 

1.25 

1.45 

1.65 

1.85 

2.05 

2.25 

2.45 

2.65 

2.85 


0.05 

.15 

.25 

.35 

.45 

.65 

.85 

1.05 

1.25 

1.45 

1.65 

1.85 


TABLE XI.- THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR COPPER 

Bremsstrahlung intensity, 
MeV-sr-electron 

PhotonMeV 
energy, 

(Pd = 0' (Pd = 30' 


6.50 x 5.10 x 
5.98 X 4.48 x 
5.50 X 4.01 X 

4.95 x 10-2 3.54 x 10-2 
4.50 X 3.16 X 

3.75 x 10-2 2.49 x 10-2 
3.11 x 10-2 1.92 x 10-2 
2.56 x 1.44 x 10-2 
2.08 X 1.04 x 10-2 
1.65 X 7.27 x 10-3 
1.29 x 10-2 4.95 x 10-3 
9.70 x 10-3 3.26 x 10-3 
6.98 x 10-3 2.05 x 10-3 
4.69 x 10-3 1.22 x 10-3 
2.82 x 10-3 6.55 x 10-4 
1.37 x 10-3 2.87 x 10-4 
3.77 x 10-4 7.02 x 10-5 

Tn- = 2.00 MeV 


3.91 x 10-2 3.12 x 10-2 
3.24 x 10-2 2.54 x 10-2 
2.81 x 10-2 2.17 x 10-2 
2.43 x 10-2 1.84 x 10-2 
2.12 x 10-2 1.58 x 10-2 
1.61 x 10-2 1.14 x 10-2 
1.20 x 10-2 7.87 x 10-3 
8.52 x 10-3 5.12 x 10-3 
5.66 x 10-3 3.08 x 10-3 
3.36 x 10-3 1.64 x 10-3 
1.59 x 10-3 6.97 x 10-4 
4.11 x 10-4 1.61 x 10-4 

MeV
(Pd = 600 

2.09 X ~ 0.05 

1.80 X lom2 .15 

1.57 X .25 

1.33 X lom2 .35 

1.13 x .45 

7.71 x 10-3 .65 

4.81 x 10-3 .85 

2.81 x 10-3 

1.59x 10-3 

8.94 x 10-4 

5.08 x 10-4 .15 


2.92 x 10-4 .25 


1.66 x 10-4 .35 


9.18x 10-5 .45 


4.69 x 10-5 .65 


2.00 x 10-5 

4.85 X 0.05 


.15 


1.36 x 10-2 .25 


1.10 x 10-2 .35 


9.28 x 10-3 .45 


7.55 x 10-3 

6.17 x 10-3 

3.83 x 10-3 

2.18 x 10-3 

1.15 x 10-3 

5.63 x 10-4 

2.52 x 10-4 

9.42 x 10-5 

2.01 x 10-5 


MeVBremsstrahlung intensity, MeV-sr-electron 

(Pd = 0' (Pd = 30' 'pd = 600 

Tn- = 1.00 MeV I 

1.10 x 10-2 1.01 x 10-2 6.82 x 10-3 
7.53 x 10-3 6.89 x 10-3 4.69 x 10-3 
5.61 x 10-3 5.08 x 10-3 3.40 x 10-3 
4.19 x 10-3 3.74 x 10-3 2.42 x 10-3 
3.07 x 10-3 2.70 x 10-3 1.67x 10-3 
1.40 X 10-3 1.17 x 10-3 6.43 x 10-4 
3.41 x 10-4 2.68 x 10-4 1.29 x 10-4 

2.86 x 10-3 2.73 x 10-3 2.18 x 10-3 
1.91 x 10-3 1.81 x 10-3 1.42 x 10-3 
1.25 x 10-3 1.17 x 10-3 8.87 x 10-4 
7.57 x 10-4 6.92 x 10-4 5.05 x 10-4 
1.24 x 10-4 1.08 x 10-4 7.10 x 10-5 

~~ 

1.37 x 10-3 1.36 x 10-3 1.26 x 10-3 

7.01 x 10-4 6.92 x 10-4 6.38 X 


3.58 x 10-4 3.50 x 10-4 3.18 x 10-4 

1.48 x 10-4 1.42 x 10-4 1.25 x 10-4 

2.55 x 10-5 2.40 x 10-5 2.04 x 10-5 
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TABLE XI.- THICK-TARGET BREMSSTRAHLUNGINTENSITY FOR TUNGSTEN 

Photon 
energy,

MeV 

0.05 

.15 

.25 

.35 

.45 

.65 

.85 


1.05 

1.25 

1.45 

1.65 

1.85 

2.05 

2.25 

2.45 

2.65 

2.85 


0.05 

.15 

.25 

.35 

.4 5 

.65 

.85 


1.05 


1.85 


MeV MeVBremsstrahlung intensity, 
MeV-sr-electron 

Photon Bremsstrahlung intensity, 
MeV-sr-electronenergy, 

'pd = 0' 'pd = 30' 

6.96 x 10-3 7.20 x 10-3 
1.77 X 1.48 x 10-2 
7.38 X 4.98 x 
8.54 x 10-2 5.61 x 10-2 
8.91 X 5.76 X 

7.79 x 10-2 4.89 x 10-2 
6.63 x 10-2 4.02 x 
5.56 X l o e 2  3.23 X l o m 2  
4.61 x 10-2 2.54 x 
3.75 x 10-2 1.94 x 10-2 
2.97 X 1.43 X 

2.28 x 10-2 1.02 x 10-2 
1.67 X 6.85 x 10-3 
1.14 x 10-2 4.29 x 10-3 
6.88 X 2.38 x 10-3 
3.30 x 10-3 1.06 x 10-3 
8.47 x 10-4 2.54 x 10-4 

To = 2.00 MeV 

5.61 x 10-3 5.06 x 10-3 

1.24 x 10-2 9.81 x 10-3 

3.24 x 10-2 2.56 x 10-2 

3.28 x 10-2 2.59 x 10-2 

3,11 X 10-2 2.45 X 


2.42 x 10-2 1.87 x 10-2 

1.82 X 1.37 X 


1.31 X 9.49 x 10-3 

8.77 x 10-3 6.10 x 10-3 

5.25 x 10-3 3.47 x 10-3 

2.50 x 10-3 1.56 x 10-3 

6.33 x 10-4 3.74 x 10-4 


MeV 
'pd = 60' 

5.94 x 10-3 0.05 

8.46 x 10-3 .15 

2.41 x 10-2 .25 

2.70 x 10-2 .35 

2.77 X .45 

2.21 x 10-2 .65 

1.66 x .85 

1.19 x 10-2 

8.11 x 10-3 

5.33 x 10-3 

3.36 x 10-3 

2.05 x 10-3 

1.20 x 10-3 

6 . 6 1 , ~10-4 

3.30 x 10-4 .65 


1.34 x 10-4 

2.93 x 10-5 


'pd = 0' 'pd = 30' 'pd = 60' 

3.99 x 10-3 3.47 x 10-3 2.06 x 10-3 
5.31 x 10-3 4.70 x 10-3 2.73 x 10-3 
6.49 x 10-3 6.10 x 10-3 4.73 x 10-3 
5.04 x 10-3 4.76 x 10-3 3.84 x 10-3 
3.74 x 10-3 3.53 x 10-3 2.89 x 10-3 
1.67 x 10-3 1.55 x 10-3 1.22 x 10-3 
4.13 x 10-4 3.74 x 10-4 2.73 x 10-4 

2.60 x 10-3 2.31 x 10-3 1.39 x 10-3 
2.61 x 10-3 2.41 x 10-3 1.59 x 10-3 
2.41 x 10-3 2.33 x 10-3 2.00 x 10-3 
1.57 x 10-3 1.53 x 10-3 1.35 x 10-3 
9.30 x 10-4 9.03 x 10-4 8.06 x 10-4 
1.46 x 10-4 1.40 x 10-4 1.19 x 10-4 

To = 0.50 MeV 

0.05 ~i 1.34 x 10-3 1.23 x 10-3 8.13 x 10-4 

.15 9.07X 10-4 8.66 x 10-4 6.65 x 10-4 


3.53 x 10-3 .25 5.46 x 10-4 5.38 x 10-4 4.98 x 10-4 
5.02 x 10-3 .35 2.15 x 10-4 2.13 x 10-4 2.01 x 10-4 
1.40 x 10-2 .45 3.48 x 10-5 3.43 x 10-5 3.28 x 10-5 
1.47 x 10-2 
1.42 x 10-2 
1.03 x 10-2 
6.91 x 10-3 
4.30 x 10-3 
2.45 x 10-3 
1.23 x 10-3 
4.86 x 10-4 
1.03 x 10-4 



W TABLE XLU. - THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR GOLD 
N 

Photon Bremsstrahlung intensity, MeV-sr-electron Bremsstrahlung intensity, 
MeV-sr-electronenergy, energy, 

'pd = 30' 

I Tn= 3.00 MeV 

0.05 6.07 x 10-3 6.51 x 10-3 

.15 1.38 X 1.21 x 10-2 

.25 6.45 X 4.50 x 

.35 8.08 X 5.45 x 10-2 

.45 8.85 X loe2 5.85 X 


.65 7.83 X 5.03 X l oq2  


.85 6.65 X 4.14 x 

1.05 5.63 X 3.36 X lom2 

1.25 4.66 X 2.64 X 


1.45 3.79 x 10-2 2.03 X 


1.65 3.01 X 1.50 X 


1.85 2.32 X 1.07 X 


2.05 1.70 X l om2  7.22 x 10-3 

2.25 1.17 X 4.53 x 10-3 

2.45 6.99 x 10-3 2.52 x 10-3 

2.65 3.36 x 10-3 1.12 x 10-3 

2.85 8.60 x 10-4 2.68 x 10-4 


To = 2.00. MeV 


0.05 5.08 x 10-3 

.15 1.05 X 


.25 3.11 x 10-2 


.35 3.31 X 


.45 3.24 X loa2 


.65 2.53 X 


.85 1.90 x 10-2 

1.05 1.37 x 10-2 

1.25 9.24 x 10-3 

1.45 5.53 x 10-3 

1.65 2.63 x 10-3 

1.85 6.70 x 10-4 


4.71 x 10-3 
8.46 x 10-3 
2.47 x 
2.64 X 

2.59 X 

1.99 x 10-2 
1.45 x 10-2 
1.02 x 10-2 
6.55 x 10-3 
3.74 x 10-3 
1.69 x 10-3 
4.06 x 10-4 

'pd = 30' 

TO = 1.00 MeV 

6.19 x 10-3 3.55 x 10-3 3.13 x 10-3 2.01 x 10-3 
7.31 x 10-3 4.79 x 10-3 4.22 x 10-3 2.42 x 10-3 
2.21 x 10-2 .25 6.37 x 10-3 5.97 x 10-3 4.54 x 10-3 
2.66 X lom2 .35 5.04 x 10-3 4.77 x 10-3 3.84 x 10-3 
2.87 X .45 3.79 x 10-3 3.59 x 10-3 2.97 x 10-3 
2.33 X lom2 .65 1.69 x 10-3 1.58 x 10-3 1.25 x 10-3 
1.76 X lom2 .85 4.17 x 10-4 3.80 x 10-4 2.83 x 10-4 
1.28 X To = 0.75 MeV 
8.82 x 10-3 
5.83 x 10-3 0.05 2.39 x 10-3 2.13 x 10-3 1.35 x 10-3 

3.71 x 10-3 .15 2.49 x 10-3 2.28 x 10-3 1.47 x 10-3 

2.27 x 10-3 .25 2.43 x 10-3 2.35 x 10-3 1.98 x 10-3 

1.34 x 10-3 .35 1.60 x 10-3 1.55 x 10-3 1.37 x 10-3 

7.40 x 10-4 .45 9.51 x 10-4 9.25 x 10-4 8.29 x 10-4 

3.70 x 10-4 .65 1.48 x 10-4 1.42 x 10-4 1.23 x 10-4 

1.50 x To= 0.50 MeV 
3.26 x 10-5 

0.05 II i . 2 9 x  10-3 1.19 x 10-3 7.96 x 10-4 

.15 9.18X 8.72 x 10-4 6.55 x 10-4 


3.65 x 10-3 5.70 x 10-4 5.62 x 10-4 5.15 x 10-4 


4.48 x 10-3 .35 2.25 x 10-4 2.22 x 10-4 2.10 x 10-4 


1.34 X .45 I 3.63 x 10-5 3.59 x 10-5 3.43 x 10-5 


1.50 X 

1.52 X 

1.11 x 10-2 
7.54 x 10-3 
4.78 x 10-3 
2.74 x 10-3 
1-38 x 10-3 
5.50 x 10-4 
1.17 x 10-4 
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TABLE XIV. - THICK-TARGET BREMSSTRAHLUNG INTENSITY FOR LEAD 

Photon MeV 
energy, 

Bremsstrahlung intensity, 
MeV-sr-electron 

MeV 

To = 3.00 MeV 

0.05 5.35 x 10-3

T 	 .15 5.95 x 10-3 


.25 1.93 X 


.35 2.43 X 


.45 2.74 x 10-2 


.65 2.31 x 10-2 


.85 1.80 X 


1.05 1.31 x 10-2 

1.25 9.05 x 10-3 

1.45 6.02 x 10-3 

1.65 2.99 X 1.52 X 3.85 x 10-3 

1.85 2.31 X 1.08 X loq2 2.37 x 10-3 

2.05 1.69 X 7.32 x 10-3 1.40 x 10-3 

2.25 1.15 X 4.60 x 10-3 7.74 x 10-4 

2.45 6.95 X IOe3 2.56 x 10-3 3.87 x 10-4 

2.65 3.34 x 10-3 1.14 x 10-3 1.57 x 10-4 

2.85 8.58 x 10-4 2.73 x 10-4 3.41 x 10-5 


0.05 4.21 x 10-3 3.96 x 10-3 3.06 x 10-3 

.15 7.87 x 10-3 6.51 x 10-3 3.55 x 10-3 

.25 2.78 x 2.21 x 10-2 1.18 x 10-2 

.35 3.10 X 2.48 x 10-2 1.39 x 10-2 

.45 3.13 x 10-2 2.51 x 10-2 1.47 x 


2.50 X 1.98 X 1.11 x 10-2 

1.91 x 10-2 1.47 X 7.74 x 10-3 

1.38 X 1.03 X 10-2 4.91 x 10-3 

9.25 x 10-3 6.62 x 10-3 2.82 x 10-3 


1.45 5.55 x 10-3 3.79 x 10-3 1.43 x 10-3 

2.64 x 10-3 1.71 x 10-3 5.72 x 10-4 


w 6.72 x 10-4 4.12 x 10-4 1.22 x 10-4 

0 


MeVPhoton Bremsstrahlung intensity, MeV-sr-electronenergy, 
MeV 

'pd = 0' 'pd = 300 'pd = 60' 

To = 1.00 MeV 

0.05 2.82 x 10-3 

.15 3.90 x 10-3 

.25 5.97 x 10-3 

.35 4.85 x 10-3 

.45 3.70 x 10-3 

.65 1.66x 10-3 

.85 4.12x 10-4 


0.05 1.91 x 10-3 

.15 2.10 x 10-3 

.25 2.32 x 10-3 

.35 1.56 x 10-3 

.45 9.37 x 10-4 

.65 1.47 x 10-4 


0.05 1.07 x 10-3 

.15 8.04 x 10-4 

.25 5.50 x 10-4 

.35 2.21 x 10-4 

.45 3.61 x 10-5 


2.48 x 10-3 1.56 x 10-3 

3.39 x 10-3 1.82 x 10-3 

5.57 x 10-3 4.09 x 10-3 

4.57 x 10-3 3.59 x 10-3 

3.50 x 10-3 2.86 x 10-3 

1.56 x 10-3 1.23 x 10-3 

3.77 x 10-4 2.81 x 10-4 


1.69 x 10-3 1.03 x 10-3 
1.89 x 10-3 1.11 x 10-3 
2.23 x 10-3 1.81 x 10-3 
1.51 x 10-3 1.30 x 10-3 
9.11 x 10-4 8.08 x 10-4 
1.41 x 10-4 1.21 x 10-4 

9.65 x 10-4 6.01 x 10-4 
7.50 x 10-4 5.11 x 10-4 
5.39 x 10-4 4.78 x 10-4 
2.18 x 10-4 2.01 x 10-4 
3.56 x 10-5 3.36 x 10-5 
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